INTRODUCTION
Motivated by the importance of the behavior of molten iron, the major constituent of the outer core of the Earth, and the belief that the melting temperature of iron at the pressure of molten outer-core-solid inner-core boundary (330 GPa) represents a fixed temperature point within the Earth, Brown and McQueen conducted pioneering measurements of the longitudinal wave velocity behind shock waves along the principal Hugoniot ( Fig. 1 ) of iron. They interpreted the 5 and 3.5% decreases in compressional wave velocity at 200 and 243 GPa as the intersection of the Hugoniot with the e to y, and y to liquid phase lines. Assumption dependent temperature calculations gave 4100 to 5300 Kand 4900 to 6900 K, for the 200 and 243 GPa transitions, respectively.
More recent diamond anvil measurements of the melting point versus pressures below 200 GPa appeared to be discrepant (e.g. Boehler [l] , Williams et al. [4] ) with each other as are the extrapolations upward into the pressure regime of shock temperature measurements [4] .
With the objective of measuring the melting behavior of iron below 100 GPa, this study was conducted to determine the Hugoniot equation-of-state (EOS) and the sound velocity along the y-iron Hugoniot. These data provide independent measurement of the intersection of a high temperature Hugoniot with the melting curve ofy-iron. [5] ; B&M: Brown and McQueen [3] .
EXPERIMENTAL PREPARATION
The pure iron targets are in the shape of a single machined disk, the "driver plate". is 2mm thick and 38 mm"in diameter, the central "top hat" is 4 mm thick and 13 mm in diameter [6] . The target is heated via an induction coil (see Chen and Ahrens [6] ) placed around the top hat. The temperature is monitored until just before impact with a two-color infrared pyrometer (Williamson 8120S-C-WD2) which in turn was calibrated against a thermocouple (Figure 2) .
Two dual-color pyrometers (Williamson 8120S-C-WD2 (temperature range: I 000-20000C), and Ircon R-20C10-0-0-0-00-0/000) were used in the experiments. These were calibrated in a Deltech furnace using a Pt-Pt/10%Rh thermocouple as a standard. The pure iron target was placed in a mixture of C0 2 and H 2 gas. The iron was thus stable in a the temperature range of the measurements (1306-1673 K measured by the thermocouple data), except when the target was deliberately oxidized to observe the effect of surface oxidation on thermal radiation detected by the pyrometer. The thermocouple was calibrated at melting point of gold (1337.4 K) and was found to read 2.7 K low. The accuracy of the thermocouple is estimated ±1 K.
Several factors that may contribute to errors in the pyrometer temperature were investigated during the calibrations, including non-normal pyrometer viewing angle, surface oxidation, and IR absorption of C0 2 in gas flow (through which the samples were observed by the pyrometers). Systematic errors in the pyrometer data, may.result from incomplete knowledge of the IR transmission and reflection properties of windows and mirrors in the pyrometer light path. The last two factors were found to be the major causes of uncertainty. Thin quartz or Pyrex windows Iron target is preheated with RF induction coils and temperature is monitored by pyrometer. Abbreviations: W: window; L: Jens; M: mirror; M (Au): gold mirror; T: EOS turning mirror. About l second before launching projectile, EOS turning mirror is inserted in front of the target free-surface via a compressed airoperated piston [7] . 
Two
and gold mirrors can greatly reduce errors of the last type. Corrections for residual errors were made to the pre-shock temperatures of the shock-wave experiments. To summarize, the pyrometers were able to determine the sample temperature to within about l 0 K after thermocouple calibration.
The spatial variations in temperature in target is estimated and measured to be about 52 K at a pre-shock temperature of 1573 K [6] .
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The experiments are of two types: EOS and VISAR. Detailed descriptions of the two types of experiments can be found in Miller et al [8] and Duffy and Ahrens [9] , respectively. Experimental results are summarized in the following section.
EOS EXPERIMENTS AT 1573 K
These experiments have been conducted on the 40 mm propellant gun at Caltech in the 17-74 GPa range ( Figure 2 , Table I ). The equation of state experiments monitor optical reflectivity on the polished (stepped) back surface of the target which decreases rapidly upon shock arrival. In conducting the experiments we determine initial density (using the measurement of initial temperature and iron's density-temperature relationship [IO]), the shock-wave and projectile velocity, and derived are: particle velocity, shock pressure and the high pressure specific volume by the impedance matching method. The properties of the impactor materials and data sources are given in Table II . The results are plotted in Figures 
the u,-uP relation gives
and K' 0 , = 5.44(0.06) (6) for y-iron. We note that equations 3 and 4 assume the Murnaghan relation [14] .
SOUND VELOCITY MEASUREMENTS AT 1573 K
The VISAR (Velocity Interferometer System for Any Reflector, Figure ... This Study Figure 4 . High temperature, y-iron ( 1573 K) Hugoniot (heavy line) of this study compared to a-iron principal Hugoniot [12; 16] . Specific volume is normalized to that of iron at STP V 0 • B&H Refers to [5] .
The relationship between the reflector velocity, u, and the fringe count, F, is given by [15] :
where k is the fringe constant. Herek as given by [5] is:
where, the incident laser wavelength, Ari= 514.5 nm, (l+o) is a correction term related to dispersion in the etalons, and(! +/::,.v/v 0 ) is a correction term that accounts for the change in the reflective index of the shock-compressed window material [16] . For our experiments where windows are not used, this term is unity. The value of (1+8) has been determined [5] to be 1.0339 at A. = 514.5 nm. The delay time 't is determined from:
where h = 189.92 mm is the etalon thickness, n = 1.468±0.003 [17] is the etalon refractive index, and c is the speed of light. From Equations 8 and 9, the fringe constant is determined to be 225 mis/fringe. In the present experiments the free-surface of the iron target or the molybdenum cap accelerates upon shock arrival. It then decelerates when the release wave from the back of the flyer plate has propagated to the free-surface. The initial release velocity (that propagates forward at the compressional wave velocity in solids and the bulk sound velocity in liquids) in shock compressed y-or molten-iron is calculated from the time interval between the acceleration and deceleration of the free-surface. The arrangement is modified from Duffy and Ahrens [9] for the present high temperature environment.
Difficulties with high temperature iron VISAR experiments include:
1. The surface of iron samples suffers adverse alteration under high temperature and high pressure; there are a number of possible causes:
(a) Oxidation during heating. In the typical vacuum in the gun tank (-100 µm Hg), iron rapidly oxidizes.
(b) The a-to y-phase transition at I I 96 K changes the surface texture of the sample.
To counter these problems, we used a 0.5 mm thick molybdenum cap on the rear surface of the iron as the diffuse VISAR reflector, and bled a reducing gas near the target (Figures 6  and 7 ). Mo, with its higher melting point at I bar and being less oxidation prone, is a better VISAR reflector than iron.
2. Different thermal expansions of the metal sample and the ceramic target holder can crack the ceramic or change target position at 1573 K. We used belleville washers in the target fixture ( Figure 6 ) to maintain a constant compression force (about 7 newtons) squeezing the ceramic holder and the iron-molybdenum target together.
3. Radiant heating from the target would rapidly deform the plastic lens used in VISAR fiber optical probes. We used heat resistant mirrors and high temperature glass (for high temperature sources, see caption of Figure 7 ) in front of the probe. We also mounted the probe assembly on the aim of a compressed air-driven piston [7] to retract the probe during heating. We tested the VISAR signal reflected from iron at 1573 K before launching the projectile. We also split off about 10% of the reflected laser to monitor the reflected light intensity change upon shock arrival at the Mo free surface.
4. Usually it is advantageous to have a window attached to the surface at which the particle velocity is recorded with the VISAR. Although the window is generally not a perfect impedance match with the target and causes partial release or reshock, the target adjacent to it will partially maintain the high pressure state and the arrival of forward rarefaction wave would induce a more pronounced particle velocity decrease. However, among the most common used window materials, LiF has a melting point of I I 18 K [I 8], too low for our preheated experiments. Sapphire (Alp 3 ) has a higher melting point (2288 K [18] ) and is an excellent impedance match for Fe, but it has been found that it can not be used for VISAR experiments above 15 GPa (for unknown reasons) [5] . Therefore, we resorted to observing velocity changes at the free surface. These changes are fairly small, but as we will discuss in the following section, they are recorded without ambiguity.
5. The digital oscilloscopes used in the experiments have recording windows of 8, 16 and 64 µs; therefore, a triggering pulse shortly before the impact occurs is required to reliably trigger the oscilloscopes. In room temperature VISAR experiments, trigger pins affixed to the driver plates and pulse forming circuits serve as an oscilloscope trigger. However, trigger pins that can withstand high temperature are not now available. A break-wire system ( Figure 6 ) is found to be reliable for oscilloscope triggering in the experiments at 1573 K. 
PHASE DETERMINATIONS
The 1573 K Hugoniot in pressure-volume space is shown in Figure 4 together with the (a.-phase) principal Hugoniot. The high-temperature Hugoniot obtained (up to 74 GPa) is shifted from the principal Hugoniot by a nearly constant factor (volume change due to thermal expansion and the a~ yphase change at I bar, is -5.7%). The solid-liquid transition is not prominent in the P-V space. In general, pressure-volume equation of state experiments are not adequate for detecting melting.
The initial release wave velocity data in the material reference frame are plotted in Figure 1 as a function of shock pressure. Also plotted are previous measurements by Brown and McQueen [ 13] and Nasch et al. [ 19] fore-, y-and liquid iron. It can be seen there is a sharp drop in sound velocity at -70 GPa, and the 72 GPa (Shot 1008) datum agrees well with liquid iron data interpolated between Brown and McQueen [3] shock-wave data and Nasch et al. [19] 's ultrasonic data. Therefore, we infer the steep drop in sound velocity at 70±2 GPa corresponds to the melting of y-iron along its Hugoniot centered at 1573 K.
We note that the present y-iron sound velocity data lies slightly above the extrapolation of Brown and McQueen [3] ' s data (the middle dashed line in Figure 3.11 ) , as the elastic moduli usually decrease with temperature. We believe the rarefaction velocities measured corresponds to those of y-iron because:
1. The present data set definitely start in they-iron field because of the initial high temperature. This portion of the phase diagram is well determined. The recently proposed e' -phase [20] is reported to occur at about 40 GPa and 1500 K. However, this result has not been verified; therefore, they-phase is the only verified stable phase of iron in this P-T range.
2. Boehler et al. [21] measured static compressibility of y-Fe at pressures up to 42 GPa and temperatures between 1200-2100 K. A fit to these data yields KoT = 127 GPa and K' or=2.2.
Using the density of iron at 1573 Kand neglecting the correction from~ to K 5 , the bulk sound velocity, Vb is calculated to be 4.1 km/s. To calculate the longitudinal sound velocity ofy-iron, we require to the Poisson's ratio v, which has not yet been reported. We assume it is approximated by the Poisson's ratio of a-iron at 293 Kand 1 bar. This is calculated from the relationship between VP and the shear wave velocity V,:
1-2v (10) with VP= 5.94 and V, = 3.26 km/s [12] , Eq.10 gives v = 0.284, for a-iron. Assuming the same value for y-iron, the longitudinal sound velocity calculated from: We suggest the 200 GPa transition is not due to the f.-toy-phase change as Brown and McQueen [3] inferred or the melting of iron as suggested by Belonoshko [22] . Rather, it is due to the solid-solid phase change to the onset of dhcp phase [23] .
In summary, we conclude that y-iron shocked along a Hugoniot centered at 1573 K melts at 70±2 GPa. The data are consistent with termination of y-iron at the -2900 K -90 GPa triple point y-e -l of Boehler (1993) .
Shock temperatures of they-iron are calculated and plotted in Figure 8 relative to different melting curves. The major uncertainties in the shock temperature calculations arise from uncertainties in the specific heat and in the Gri!neisen parameter at high pressures. The parameters used in the calculations are listed in Table III . The Grilneisen parameter of 1. 73 for y-iron at 1573 K and 1 bar was calculated using y = a K./(PCv), Previously reported values for a-iron are 1.7 [25] and 1.69 [26] . Cvo at 1 bar, 1573 K is calculated from CPO using: (14) yielding Cvo = 665.7 J kg· 1 K
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• This value is 49.1 % greater than the 3R value. For reference, we note Cp of a-iron varies from -3R at 293 K to -1 OR at 1042 K (the Curie point) [27] . We attempted three calculations with different values of the two parameters Cv and y. The calculated temperatures up to 70 GPa (the incipient melting pressure) are listed in Table IV . The temperature difference at 70 GPa can be as large as 260 K. However, this is probably an overestimate of uncertainty in our calculation since Cv is unlikely to decrease to 3R at high pressures. We think the temperature difference due to different "f(.V) functions (about 110 K, Table IV) may be a more reasonable measure of the uncertainty in the calculation. Combining the 50 K uncertainty in initial temperature, we estimate the melting temperature of y-iron at 70 GPa to be 2775± 160 K. This study y-iron does not appear to super-heat when it crosses the melting point along the Hugoniot. Thus the Hugoniot, presumably, follows the melting curve between the incipient melting pressure P,m to the complete melting pressure Pcm· To calculate Pcm• we assume the latent heat of melting MI at high pressure equals its value at 1 bar (Table III) . We first calculated Hugoniot temperature ofy-iron to above the melting curve without taking into account the effect of melting, i.e., the temperature of a hypothetical metastable y-phase. Complete melting occurs at a Pcm such that: (15) where T mcP =) and TH are melting point and the metastable Hugoniot temperature at Pcm• respecti v~ly, and (16) is the entropy change associated with melting at P,m· Using Cv = Cvo for y-iron, we obtained P = = 86.4 GPa. Instead, assuming the entropy increase associated with melting is constant yields P,m = 104.2 Gpa. Averaging these estimates yields 95 GPa, since the Hugoniot lies along, or slight above they-e -R. triple point, the temperatures once pressures are consistant with those of Boehler, I 993.
We conclude that y-iron shocked from initial temperature of I 573 K is in the liquid field at 70 GPa and 2775 K is also consistent with the phase diagram proposed by Saxena et al. [29] . Iron's phase diagram with present uncertainties of the phase boundaries is shown in Figure 9 . Compared with the phase diagram suggested by Brown and McQueen [30) , the melting curve is lowered by about 500 Kat 243 GPa, and the P-phase (possibly in the dhcp structure) replaces the previously suggested y stability regime above 70 GPa. These are suggested rather, to be E to ~ and ~ to liquid.
In Figure 10 , we also plot the longitudinal velocity as a function of density for y-iron. Our data and the datum calculated from Boehler et al. [21] indicate that, to a first approximation, the longitudinal sound velocity for y-iron is linear with respect to density. The linear fit is:
with VP in km/s and p in Mg/m 3
• Similar results for the bulk sound velocity of lead [32] are reported. GRUNEISEN PARAMETERS OF THE LIQUID AND y--PHASE From our linear relationship between shock-wave velocity u, and particle velocity up (Equation 1), the Griineisen parameter"( for liquid iron can be calculated from the bulk sound velocity vb using [3] ; '
where T] = u/u,, R* = pV/(p 0 u,). This equation was derived by noting: (19) where the subscripts H and S indicate the derivatives are evaluated along the Hugoniot and the isentrope, respectively. The Rankine-Hugoniot relations are used for evaluating the derivatives to yield Equation 18 .
The present value of Vb=6.55 km/sec yields y=l.63±0.28 at p=9.37±0.02 Mg/m), and Figure 11 ). The present result yields "(p=15.2±2. Since the longitudinal sound velocity VP is measured for the solid "(-phase, equation 18 cannot be used unless the Poisson's ratio vis known and Vbcan be derived from V (Equation 11). Poisson's ratio is strongly dependent on pressure and has been modeled in FalzoneP and Stacey [35] . However, we found the value of"(varies drastically with small changes in v. Therefore, estimating the variation of the "(-phase Griineisen parameter with pressure is not attempted. K datum is from Anderson and Ahrens [33] .
CONCLUSIONS AND APPLICATION TO THE EARTH'S CORE
Preheated EOS and VISAR experiments are proven to be techniques to obtain absolute values of sound velocities in they-and liquid-phases and hence determine the occurance of the melting of iron. Our data suggest that y-iron preheated to 1573 K upon shock compression melts at 70±2 GPa and 2775±160 K.
Experimental results are compatible with Saxena et al. [2] and phase and Boehler [l]'s melting data. The Grtineisen parameter for liquid-phase at 71.6 GPa is determined to be 1.63±0.28.
Based on extrapolation of Boehler [l]'s melting data, and using the present molten iron value for 'Yin the Lindemann relation, we estimate the 320 GPa pressure of the inner core-outer core boundary temperature to be 5500±400 K, and the core-mantle temperature on the outercore side is -3930±630 K, assuming adiabaticity of the molten core. These values are -1200° lower than previously estimated from shock wave data (4).
